Objective. The World Health Organization (WHO) reports that nonsmokers experience disease and death due to secondhand smoke (SHS) exposure in the home. We estimated the total excess burden and costs to society due to SHS exposure in U.S. public housing.
An estimated 15%-18% of U.S. children are exposed to secondhand smoke (SHS) at home. 1 SHS is a major cause of disease, and there is no safe level of SHS exposure. 1, 2 Children and nonsmoking adults living below the federal poverty level (FPL) are more likely to be exposed to SHS than those in higher socioeconomic status households. 3 Children are especially vulnerable because their exposure patterns and developmental status enhance absorption of environmental toxicants. 4 Additionally, because many elderly people with limited mobility live in public housing, they may spend more time indoors, be exposed to more SHS, and suffer more severe adverse health outcomes than the general population. 2 People with disabilities comprise nearly one-third of the public housing population and have greater SHS exposure than those without a disability. 5, 6 Because SHS migrates, residents of multiunit housing who do not allow smoking in their home are at risk for SHS exposure if other residents in their building smoke. 7 SHS migration has implications for nonsmoking public housing residents, as 88% of public housing is multiunit. 8 The World Health Organization (WHO) reports that there is sufficient evidence of causal relationships between SHS and adverse health outcomes, including lung cancer, heart disease, and asthma in adults; and low birthweight (LBW) (i.e., birthweight #2,500 grams), sudden infant death syndrome (SIDS), and lower respiratory infections (LRIs)-including respiratory syncytial virus, bronchitis, otitis media (OM), and asthma-in children. 2 Smoke-free policies significantly reduce adverse health outcomes caused by SHS. [9] [10] [11] [12] [13] In 2009 and 2012, the U.S. Department of Housing and Urban Development (HUD) encouraged public housing authorities to implement smoke-free policies in subsidized housing. 14, 15 Recent research suggests that smoke-free policies are supported by a majority of never-and former-smoking subsidized housing residents and are associated with cessation or lower rates of smoking among smokers. 16, 17 Recent data indicate that in 2013, more than 300 housing authorities had instituted smoke-free policies. 18, 19 The health and economic consequences of childhood SHS exposure in the United States are well documented, [20] [21] [22] [23] [24] [25] [26] [27] [28] but similar analyses are not available for nonsmoking adults. While there are published estimates of the U.S. public health burden associated with SHS exposure in adults and state-level economic studies on SHS that include nonsmoking adults, information on the national aggregate costs of SHS-related health effects in adults is sparse. [29] [30] [31] [32] [33] [34] [35] [36] A recent study estimated SHS-related costs in all government-subsidized housing using state-level estimates. 37 However, to our knowledge this is the first study to estimate the public health and economic burden of SHS in public housing based on nationally representative and other large-scale databases, including biomarker data. Quantifying the burden of SHS for residents may provide incentives to institute smoke-free policies in public housing.
METHODS
We used methods described by the WHO to estimate the annual public health burden for new cases (i.e., incidence) of SHS-attributable illness and death for adult and child never-smoker U.S. public housing residents. 2, 38 When the number of incident cases was unavailable, we used self-reported (asthma) or treated (OM and LRI) prevalence rates. We based populationattributable fractions (PAFs) and attributable burdens for each health outcome on WHO estimates of relative risk (RR). We then estimated annual societal economic burdens for each health outcome and overall using previously described methods. 39 
Public housing never smokers
We estimated the number of adult never smokers by multiplying the national percentage of adult never smokers with a household income #200% FPL by the number of adults living in public housing (Personal communication, Lydia Taghavi, HUD, February 2012). We used the national prevalence of middle school and high school never smokers from the 2009 National Youth Tobacco Survey to estimate the number of never smokers among public housing adolescents because data stratified by family income or housing type were not available. We defined adults and adolescents aged 11-17 years as never smokers if they reported lifetime consumption of #99 cigarettes and either had not smoked (adults) or used any tobacco products (adolescents) in the past 30 days. All children ,11 years of age were considered never smokers. We used the proportion of adult never smokers receiving government housing assistance in the 2010 National Health Interview Survey (NHIS) as a proxy for the proportion of adult public housing never smokers. However, government housing assistance is overreported in NHIS; therefore, we further limited NHIS never-smoker data extracted to those who reported both government-subsidized housing and a household income #200% FPL. 40
Exposure to SHS
We used the national percentage of current nonsmokers with detectible serum cotinine levels who participated in the 2007-2008 and 2009-2010 cycles of the National Health and Nutrition Examination Survey (NHANES) to estimate the proportion of adults and children exposed to SHS. Because NHANES participants are not asked if they live in government-assisted housing, we used SHS-exposed nonsmokers in NHANES with a reported income #130% FPL guidelines as a proxy for the nonsmoking public housing population. We classified adults $20 years of age with a serum cotinine concentration .the limit of detection (LOD) but #10 nanograms per millimeter (ng/mL) who did not report being a current cigarette smoker or having used any nicotine-containing products within the previous five days as nonsmokers. 3 We defined SHS-exposed nonsmoking adolescents as those aged 12-19 years who reported no smoking in the previous 30 days, no use of any nicotine-containing product within the previous five days, and a serum cotinine level .LOD but #10 ng/mL. All children aged 3-11 years were classified as SHS-exposed if their cotinine level was .LOD but #10 ng/mL. Serum cotinine is not measured in NHANES participants ,3 years of age. SHS exposure prevalence for these children was assumed to be the same as in children aged 3-11 years. 41 We present results based on the current serum cotinine LOD50.015 ng/mL as well as the historically important LOD50.05 ng/mL to allow comparisons with previous work.
Disease status
We derived incidence, prevalence, and mortality rates for both adult and child health outcomes causally related to SHS exposure from sources listed in Tables  1 and 2 . We multiplied each disease/mortality rate by the relevant number of never smokers living in public housing to estimate the number of never-smoking residents with each health outcome of interest. We estimated the public health burden attributable to SHS for each health outcome by calculating a PAF using the RR estimated by WHO (Tables 1 and 2) . 2 We used SAS ® version 9.2 and SUDAAN ® release 10.0 to calculate population-based estimates. 42, 43 
Estimates of costs of health outcomes
We conducted a literature search using PubMed, Google, and Google Scholar to identify treatment costs for each health outcome considered in our analysis. Keywords included "asthma," "cost," "cardiovascular disease," "coronary heart disease," "coronary artery disease," "economic burden," "ischemic heart disease," "lower respiratory infection," "low birthweight," "lung cancer," "myocardial infarction," "otitis media," "respiratory syncytial virus," "secondhand smoke," "smoke inhalation," and "sudden infant death syndrome." We took a societal perspective and included all costs for treatment of the health outcomes, regardless of who accrued the cost. Depending on costs considered in the source studies used, we accounted for direct costs (i.e., medical costs including hospitalizations, physician's visits, and medications; and nonmedical costs including travel and paid childcare) and/or productivity losses (e.g., caregiver time lost from work or school due to a patient's illness)( Table 3 ). 44 We applied monetary valuations for morbidityrelated productivity losses for all adult health outcomes, but only for asthma in children ( Table 3 ). We used only published estimates of data from the United States. 45 We valued premature loss of life as the present value of lifetime economic productivity. 46, 47 We used a human capital approach behind a "veil of ignorance" (i.e., productivity losses due to morbidity were based on annual costs using national average wages). 48 We excluded costs associated with premature death when such deaths were rare events and did not contribute substantially to the societal burden resulting from SHS exposure in public housing.
Because excess expenditures better estimate the potential cost savings of policies aimed at reducing adverse health outcomes, we calculated costs for each health outcome by multiplying per-person excess costs by number of never smokers impacted. 49 We summed these costs to derive total aggregated costs for all health outcomes. We used the personal consumption health care expenditure index to adjust direct medical costs and the gross domestic product index to adjust productivity losses and nonmedical direct costs to 2011 dollars.
RESULTS
In 2011, exposure to SHS resulted in morbidity or mortality in 37,791 (at LOD50.05 ng/mL) and 50,967 (at LOD50.015 ng/mL) never-smoking U.S. public housing residents. SHS caused the premature death of 14 (at LOD50.05 ng/mL) and 21 (at LOD50.015 ng/mL) infant U.S. public housing residents, and 116 (at LOD50.05 ng/mL) and 215 (at LOD50.015 ng/ mL) adult U.S. public housing residents ( 50, 51 However, because it is a rare condition relative to asthma and IHD, lung cancer contributed little (3% for both LODs) to the total economic burden for adults (calculations not shown).
Children
Health-care, productivity, and nonmedical direct costs for children exposed to SHS in U.S. public housing totaled $96 million (at LOD50.05 ng/mL) and $132 million (at LOD50.015 ng/mL) ( 
DISCUSSION
The annual economic burden of SHS-attributable illness and death of never smokers in U.S. public housing totaled approximately $183 million (at LOD50.05 ng/mL) and $267 million (at LOD50.015 ng/mL). The benefits of reducing SHS exposure in U.S. public housing include lower out-of-pocket expenditures for medical care, lower apartment clean-up costs, and fewer productivity losses for employers and society. 52, 53 To our knowledge, this study is the first to estimate both the national public health burden and the economic impact of SHS on never-smoking U.S. public housing residents using nationally representative and other large-scale databases, and including biomarker data. Our results may help frame the problem of SHS exposure in U.S. public housing by quantifying the public health burden and associated monetary costs. U.S. public housing residents have higher levels of exposure to SHS than the national population and a majority support policies aimed at eliminating SHS where they live. 16, 54 Because U.S. public housing is owned by public housing authorities, there are fewer barriers to implementing a smoke-free policy compared with voucher-assisted or privately owned housing (e.g., Section 8) (Personal communication, Barry Steffen, HUD, February 2012). The health benefits of a smoke-free policy for children would be substantial because they receive most of their exposure to SHS in the home and have a higher intake of SHS than adults. 1,2 An effective U.S. public housing smoke-free policy would result in 130 (at LOD50.05 ng/mL) and 236 (at LOD50.015 ng/mL) fewer lives lost annually in never smokers. Even if never smokers are routinely exposed to SHS outside of the home, evidence suggests that a temporary respite from SHS may reduce adverse health outcomes such as IHD in adults. 29 A recent study estimated $521 million in annual societal cost savings if smoking was banned in all government-subsidized U.S. housing. Our estimate of the annual societal direct medical costs ($110 million [at LOD50.05 ng/mL] and $153 million [at LOD50.015 ng/mL]) incurred due to SHS in U.S. public housing only is within the range ($50-$181 million) estimated by King et al. 37 However, several differences between the two studies are worth noting. First, we provide both aggregated and health outcome-specific estimates of the public health and economic burdens; King et al. provided neither the public health burden nor health outcome-specific costs. Whereas King et al. relied on data based on self-report, we used biomarker data to determine the proportion of never smokers exposed to SHS. We calculated our estimates using both the current and previous LOD for detecting cotinine in serum (0.015 ng/mL and 0.05 ng/mL, respectively). While not explicitly stated, we assume King 55 This difference might be because (1) the prevalence of smoking in low-income families is higher than the national average 3,56 and (2) public housing has a higher percentage of infants and children than the national population. 57, 58 Premature death in the young exacts high societal costs. 46 Our cost-of-illness study did not include the implementation costs of smoke-free policies. We speculate these costs would be outweighed by the societal benefits of such policies. However, there is scant information on the costs or cost-effectiveness of implementing or enforcing smoke-free policies. 59 Widespread adherence to a smoke-free policy in U.S. public housing would reduce adverse outcomes and societal costs from SHS exposure for both former and current smokers, which would greatly increase its benefits. Moreover, if barriers could be reduced in implementing smoke-free policies in voucher-assisted (i.e., Section 8) homes, there would be substantial additional savings produced by HUD-recommended smoke-free policies.
Limitations
Our study had several limitations. First, the RR estimates we used were not based exclusively on SHS exposures occurring solely in the home. 2 Serum cotinine measurements reflect recent SHS exposure, regardless of location. Thus, we may have overestimated the health and economic impact of SHS exposure in the home. However, young children, the elderly, and the disabled comprise a substantial proportion of public housing residents and likely spend more time at home. 5, 57 Thus, the effect of exposures occurring outside the home for these groups may be small. Additionally, SHS exposure inside the home likely, but not necessarily, results in higher exposure levels than exposure due to migration between apartments. For example, it is unclear whether exposure from smoke that migrates from an apartment with one or more heavy smokers to a nonsmoker's apartment is higher or lower than the exposure experienced by never smokers with infrequent exposure to cigarette smoke in their home. Recent studies report that residents living in nonsmoking multiunit housing have higher cotinine levels and are more likely to smell smoke in their buildings than are residents of single-family homes. 60, 61 These findings suggest that the proportion of people exposed to SHS in our analysis is likely higher than the values we used.
When available, we used the incremental cost of each SHS-caused disease. However, these data were not available for all health outcomes of interest (e.g., OM). Moreover, this approach has been criticized because comorbidities or related health outcomes may account for a substantial portion of total excess costs, leading to double counting of effects and, thus, overestimation of true excess costs. 62, 63 On the other hand, incorrect coding for patients with comorbidities may lead to an underestimation of SHS-attributable costs.
The use of disease rates and health care based on the general population likely underestimates the amount of disease in the public housing population. 64, 65 However, we used national disease rates for individuals living in government-assisted housing, where possible, in an attempt to minimize the discrepancy. However, public housing residents may differ in meaningful ways from residents receiving other government housing subsidies. Excluding respiratory syncytial virus, none of the cost estimates we used were derived from studies conducted on low-income populations. Therefore, these costs may not accurately reflect health-care expenditures or the value of productivity losses in the low-income population. 66 In particular, nearly half of people in poverty are covered by public insurance or are uninsured, 67 which may result in lower reimbursements than for those who have private insurance. Additionally, some of the published estimates we used were quite dated and may not reflect current healthcare practices and costs. 63 In two cases, OM and LRI, we used morbidity-related productivity loss estimates based on small studies with convenience samples not designed to measure these losses among public housing residents. Finally, although we used a societal perspective, we did not account for all costs that are borne by society (e.g., long-term care, copayments, and other nonmedical direct expenses), as well as the intangible costs of the health effects (e.g., pain and suffering) of SHS exposure.
CONCLUSION
Implementation of smoke-free policies in all U.S. public housing can improve the health of residents and reduce societal costs, including medical costs. Our analysis provides national estimates of the public health and economic burdens associated with SHS exposure in U.S. public housing and quantifies the benefits of implementing a smoke-free policy in all U.S. public housing.
